Monolayers of transition metal dichalcogenides (TMDCs) possess unique optoelectronic properties, including strongly bound excitons and trions. To date, most studies have focused on optically active excitations, but recent experiments have highlighted the existence of dark states, which are equally important in many respects. Here, we use ab initio many-body calculations to unravel the nature of the dark excitations in monolayer MoSe 2 , MoS 2 , WSe 2 , and WS 2 . Our results show that all these monolayer TMDCs host dark states as their lowest neutral and charged excitations. We further show that dark excitons possess larger binding energies than their bright counterparts while the opposite holds for trions.
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Monolayers of transition metal dichalcogenides (TMDCs) possess unique optoelectronic properties, including strongly bound excitons and trions. To date, most studies have focused on optically active excitations, but recent experiments have highlighted the existence of dark states, which are equally important in many respects. Here, we use ab initio many-body calculations to unravel the nature of the dark excitations in monolayer MoSe 2 , MoS 2 , WSe 2 , and WS 2 . Our results show that all these monolayer TMDCs host dark states as their lowest neutral and charged excitations. We further show that dark excitons possess larger binding energies than their bright counterparts while the opposite holds for trions. DOI: 10.1103/PhysRevB. 96.201113 Introduction. The last few years have witnessed an explosion in research on monolayer transition metal dichalcogenides (TMDCs) driven mainly by their unique optical properties [1] [2] [3] [4] [5] [6] [7] [8] . In contrast to their bulk counterparts, the monolayer TMDCs possess a direct band gap [9, 10] leading to very strong light-matter interactions. Furthermore, the combination of quantum confinement and low dielectric screening in the monolayers leads to a rich excitation spectrum featuring excitons with extremely large binding energies [11] . In addition, charged excitations composed of an exciton with a bound electron/hole, i.e., negative/positive trions, have been observed in experiments on monolayer TMDCs [12] [13] [14] [15] [16] .
To date, studies of excitations in monolayer TMDCs have mainly focused on the bright, i.e., optically active, states because they are most easily measured. However, basic optical properties such as photoluminescence intensities, exciton decay rates, valley scattering, etc., will depend strongly on the interplay between the bright and dark states in the low-energy part of the spectra [17] [18] [19] . In recent experiments by Zhang et al. [20] and Molas et al. [21] , it has been shown that dark excitations can be experimentally probed by applying an in-plane magnetic field. Due to the resulting mixture of dark and bright states, they become visible in photoluminescence. Recent theoretical studies have addressed dark excitons [20, 22] using first-principles calculations, however, theory for dark and bright trions has so far exclusively been based on models [23] [24] [25] . We note that Feierabend et al. [26] proposed further dark excitons with nonzero momenta. Here, we focus on excitation around ±K.
In this Rapid Communication, we revisit the optical excitation spectrum of the monolayer TMDCs MoS 2 , MoSe 2 , WS 2 , and WSe 2 , paying special attention to the dark excitations. We employ a recently developed method based on first-principles many-body perturbation theory that treats excitons and trions on the same theoretical footing. The electronic properties are calculated in the LDA+GdW approximation [27] . On top of this, we determine the properties of neutral excitons from the Bethe-Salpeter equation (BSE) [28] and the charged trions * thorsten.deilmann@wwu.de from a generalization of the BSE to three-particle excitations [29, 30] .
This Rapid Communication is organized as follows: First, we discuss the energetic position of excitons, and negatively and positively charged trions in freestanding WSe 2 . This is followed by a discussion of the role of substrate effects. Finally, we present our results for WS 2 , MoS 2 , and MoSe 2 .
The optical absorption spectra of negatively doped and neutral freestanding WSe 2 is shown in Fig. 1(a) . The energies of the dark excitations are indicated by the corresponding arrows. We restrict the discussion to the excitations below the first optically active A exciton (see the inset). We find a dark exciton about 80 meV below the A exciton. Figure 1(b) shows the band structure around the K point with the weights of holes and electrons in the exciton wave function indicated. While the hole of the A exciton resides around the valence band (VB) maximum at K (lower red distribution), the electron is found in the second lowest conduction band (CB + 1) (upper red distribution). Instead, the D exciton builds up by contributions from the VB and the lowest CB (blue distribution). The coupling of the exciton to the optical field, i.e., whether the excitation will appear dark or bright, is determined by the spin character of the involved bands. Although in general the spin is not conserved in the presence of strong spin-orbit coupling, this is approximately true in the vicinity of K (and −K) and the A and D excitons can thus be characterized as singlet and triplet excitations, respectively.
The energetic splitting of the A and D excitons is determined by three contributions: (i) A single-particle term given by the difference between the CB and CB + 1 ( CB so ) at K; this amounts to roughly 10 meV. (ii) The (direct) electron-hole interaction which mixes the transitions around K to produce the A and D excitons leads to a 50 meV larger binding energy of the D exciton. This is partially due to the smaller curvature (higher effective mass) of the CB compared to the CB + 1 band [31] . (iii) Finally, the singletlike transitions experience an additional repulsive exchange interaction which lowers the binding energy of the A exciton by ∼20 meV. The three effects add up to the observed difference of 80 meV between D and A. We stress that all of these contributions are of a similar magnitude and must be included for a quantitatively correct analysis. In addition to the neutral excitons, we find five trions for the negatively doped case [ Fig. 1 It is often assumed that a trion can be described as an exciton slightly perturbed by an electron (or hole). Indeed, the energetic ordering of the trions (D − below D and A − below A) supports this picture. However, a closer inspection of the probability distribution of electrons and holes in reciprocal space [ Fig. 1(b) ] shows that the trion is not simply an exciton with an extra electron. First, for all trions we find a more narrow distribution of the electrons than the hole in reciprocal space. This corresponds to a larger extent in real space and is a result of the repulsive electron-electron interaction. Interestingly, part of the "extra" electron in A − (1,i,2) resides in the same band as the electron of the A exciton. On the other hand, the dark states D − (1,2) do not show this trend. The relatively complex nature of the trions makes it difficult to predict their energetic ordering. Similar to the case of neutral excitons, the energy of the trions is governed by various factors, including the relative position of the spin-orbit split CB, their curvatures, as well as the strengths of the electron-electron and electron-hole interactions. We postpone the discussion of the relative ordering of dark and bright trions in the MoX 2 and WX 2 TMDCs to the last part of this Rapid Communication.
The excitations discussed above have been proposed previously on the basis of model calculations [24, 32] . Employing ab initio methods [28, 29] , we are now able to provide a quantitative prediction of the energy and relative ordering of these excitations, treating dark and bright excitons and is observed 30 meV above. The larger trion binding energy of bright compared to dark states is a consequence of the modified contributions discussed above. We note in passing that we find further resonant trions around the A exciton [33] .
Before comparing our calculations to experiments, we have to account for the effects (band gap renormalization and additional screening resulting in redshifted excitations) due to the substrate on which TMDC monolayers are typically prepared and probed [34] . On SiO 2 we find a redshift of about Overall, the comparison of our calculations with the available results and particularly the experimental results [20] is good. Most importantly, we reproduce the experimentally observed ordering of D − , D, A − , and A excitations. Furthermore, the trend of trion binding energies agrees with experimental findings, i.e., bright trions are more strongly bound than dark trions. On the other hand, our calculated splittings and trion binding energies are slightly larger than observed in experiment. At this point we would like to stress that there are several factors that complicate the direct comparison between calculations and experiments. First of all, the interpretations and comparisons with experimental spectra are not straightforward. In particular, it is not obvious which states contribute to the different features observed in the measured spectra. Furthermore, environmental screening [34] and finite temperature effects [36] can reduce the trion binding energies. We also note that our calculations are performed for vanishing doping concentration. Stronger doping may affect the band structure and such effects are not accounted for in our calculations. Interestingly, the experimental results of Molas et al. [21] for WSe 2 reveal some differences with earlier measurements. In particular, the bright trion is found to have a binding energy of more than 50 meV. In addition, two dark states are found at 47 and 61 meV below the A exciton. On the other hand, the interpretation of these data is slightly more complicated as a large number of states are observed in photoluminescence. In summary, our ab initio results are in reasonable agreement with experimental studies and may help to clarify their differences.
In this work we have focused on the trion states that derive from the lowest-lying A and D excitons. However, we have found indications that a similar set of bright and dark trions should be present in front of the B exciton as well as the excited A exciton, but we postpone the detailed study of these to a later date.
If the sample becomes positively charge (e.g., by applying a gate voltage), the trion spectrum simplifies due to the large spin-orbit induced splitting of the valence bands (in comparison to the conduction band) in all the TMDC monolayers. The large splitting implies that the hole bound to the exciton can only come from the highest-lying valence band. For WSe 2 the VB splitting is 570 meV (480 meV within DFT), compared to the 10 meV splitting in the CB. Consequently, only one dark trion D + and one bright A + are observed below the A peak in Fig. 2(a) . Below the dark D and bright A exciton [identically in Fig. 1(a) Fig. 2(b) ], i.e., no excitation with an intravalley character is present for positive doped TMDCs. The two holes are located around K and −K in the VB maximum, and the electron resides at −K in the CB (CB + 1) for D + (A + ). Comparison with other TMDCs. In the following, we extend the discussion to WS 2 , MoSe 2 , and MoS 2 [37] . As reported previously [22, 38] , the most significant qualitative difference between these materials with regards to low-lying excitations is the different alignment curvature of the spin-split conduction bands at K [ Fig. 3(a) ], in particular, whether the conduction band minimum reveals the same spin as the highest valence band. We find values for the spin-orbit induced splitting at the CBM of CB so = 41, 15, −10, and −12 meV for MoSe 2 , MoS 2 , WSe 2 , and WS 2 , respectively. Due to the inverted character of the conduction bands in MoX 2 , it is difficult to predict the energetic ordering of dark and bright excitations. In accordance with previous studies [38] [39] [40] , we observe that the lowest exciton is dark in WX 2 (X = S/Se) and MoS 2 . However, in contrast to previous results, we also find the dark excitation slightly below the bright ones in MoSe 2 . This can be traced to the three contributions that determine the position of the dark state (discussed previously for WSe 2 ). While the difference in single-particle energy as determined by the spin-orbit split CB, CB so , is different from that of WSe 2 , the shift due to different effective masses and the reduction of the bright singlet-state binding energy by the exchange interaction are both similar to those found for WSe 2 .
The calculated excitation energies of all dark and bright states D, D +/− , A, and A +/− are listed in Table I . As explained above, we find dark excitons D below the optically active A in all materials. Due to the inverted character of the CB and CB + 1 for MoS 2 and MoSe 2 (by 15 and 41 meV, respectively), the splitting of D and A is, however, decreased Fig. 3(b) . For positive doping we find that the excitations reorders in the same manner, i.e., we find the A + trion below the corresponding D excitons for TMDCs including Mo.
Finally, we qualitatively discuss the possibility of observing the different excitations in photoluminescence experiments [21] . For example, for the formation of a negative trion, an exciton and an extra electron are required. Assuming a Boltzmann distribution of electron states (e.g., due to doping by a substrate), the occupation of higher-lying bands will be exponentially suppressed. In particular, for MoSe 2 with the largest CB splitting of 41 meV, we expect the formation of an A trion to be much more likely than the formation of D trions. The lower weight and the small splitting between dark and bright states may prohibit the observation in experiment. In contrast to this, TMDCs including W will show an inverted trend, i.e., the dark states should be more likely than bright states. However, the weight of dark states in photoluminescence will also depend on the mixing to bright states via the applied in-plane magnetic field [20, 21] .
In summary, we have presented an ab initio study of the lowest-lying bright and dark excitations in monolayer MoSe 2 , MoS 2 , WSe 2 , and WS 2 . Using a recently developed generalization of the Bethe-Salpeter equation to three-particle states we were able to describe excitons and trions on the same theoretical footing. This allowed us to obtain quantitative results for the excitation energy, binding energy, and composition of the A, D, A +/− , and D +/− excitations. Our results show that the lowest-lying excitons and trions are dark in all materials. The relative ordering of the excitations was found to differ for W-and Mo-based TMDCs. In particular, the dark exciton (D) lies above the bright trions in MoX 2 while it lies below in WX 2 . In accordance with experiment, we observe that dark trions are weaker bound than bright states. Our results provide a useful reference for the analysis and interpretation of experimental optical spectra of monolayer TMDCs. Furthermore, they highlight the importance of dark states and indicate that these could play an important role for the carrier dynamics in optically excited TMDCs.
